Peptide microarrays can be used to measure the activity of multiple protein kinases (PKs), which can be used to elucidate kinomics for drug discovery and diagnosis. Here we demonstrated a new microarray for ratiometric detection of the activity of PKs using peptide nucleic acid (PNA)-tagged peptides labeled with two different fluorophores, Cy3 and Cy5. We successfully detected cellular PK activities based on ratiometry, and applied the system for evaluation of an inhibitory drug.
In intercellular signaling, abnormal activation of specific protein kinases (PKs) is associated with many diseases, including cancer. 1, 2 Thus, an analytical technique to monitor the activity of PKs is valuable not only for elucidation of the malfunctions of cellular events but also for drug discovery. 3, 4 Recently, microarrays of substrate peptides of PKs have been developed to measure the activity of many kinds of intracellular PKs simultaneously. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Now, several companies provide commercial peptide microarrays for the measurement of intracellular PK activity. 5, 6, [15] [16] [17] In spite of their usefulness, peptide microarrays have two major disadvantages: (1) low reaction efficacy of immobilized peptides compared with solution phase reaction, and (2) difficulty in quantitative evaluation of the phosphorylation of the immobilized peptides due to the relatively wide deviation of spot size. The latter issue is a common problem for microarray technology. DNA microarrays overcome this issue by using ratiometric detection 18, 19 where two fluorescent colors are used to label two different samples, then the mixture of the two samples are applied to DNA microarrays to measure the ratio of the two fluorescent colors from each spot. 20 The ratiometric detection enables the comparison of two samples without concern about the deviation of the spot size.
Here, we for the first time applied the ratiometric detection based on the DNA microarray for PK activity measurement. Figure 1 schematically represents our strategy.
First, a fluorescence-labeled substrate peptide for a target PK is connected with a peptide nucleic acid (PNA), which functions as a tag to hybridize with a specific DNA on the microarray. The substrate peptide is encoded with 7-mer PNA and this design is applicable to different combinations of the substrate peptide and PNA. The PNA-peptide conjugate is labeled with two different colors of fluorescent groups, Cy3 or Cy5. Then each PNA-peptide is phosphorylated with a different sample. After the reaction, the two samples containing different colored PNA-peptide are mixed together and then applied to a Fe-NTA column (IMAC) 21, 22 to enrich the phosphorylated PNA-peptides. The enriched phosphorylated PNA-peptides are applied to the DNA microarray for hybridization to gather two kinds of the PNA-peptides in one spot. Therefore, the proposed strategy enables efficient phosphorylation reaction in homogenous solution phase as well as quantitative ratiometric detection. This strategy also allows for the determination of the absolute phosphorylation ratio of the PNA-peptide substrate by using the phosphorylated PNA-peptide labeled with another fluorophore as an internal standard spike.
First, we optimized the above mentioned procedures. For the optimization of the enrichment step, we used an equimolar mixture of phosphorylated and non-phosphorylated PNA-peptide 1 and 2 (their sequences are summarized in Table 1 ). We screened the washing and elution buffers to maximize the purity of the phosphorylated peptides and chose suitable buffers for washing and elution buffers as 10 mM Tris-HCl (pH 7.5) containing 50% acetonitrile, and 1% ammonium hydroxide containing 50% acetonitrile, respectively. Figure 2 shows the MALDI-TOF-MS spectra of the initial and enriched solution. Phosphorylated PNA-peptide 2 was successfully enriched by the Fe-NTA column from the original mixing ratio of PNA-peptide 1 and 2 (1:1) to 1:5 ratio.
Then, we optimized the hybridization step of PNA-peptide on the DNA microarray for good selectivity. PNA-peptide 3 was applied to the microarrays in which six kinds of oligonucleotides, DNA 1 to 6 (DNA sequences are summarized in Table 2 ), were hybridized for hybridization. These DNAs were immobilized on the array surface by using dT oligomers on 5′-terminus. † To whom correspondence should be addressed. E-mail: ykatatcm@mail.cstm.kyushu-u.ac.jp Figure 3 shows the effect of 100 mM MgCl2 in the hybridization and the washing buffers on the selective hybridization. Interestingly, non-specific signals from other DNAs were significantly reduced but the specific signals were almost unchanged when 100-mM-MgCl2 was included in both hybridization and wash buffers. Being different from the DNA/DNA duplex, the stability of the PNA/DNA duplex is hardly affected by Mg 2+ . 23 Therefore, these non-specific signals probably result from electrostatic interaction between PNA-peptides and the immobilized DNA due to the highly cationic charges of the peptide segment (net positive charge of +5).
We demonstrated the intracellular PK activity measurement by using the PNA-tagged peptide microarray under the optimized conditions. We used here the human hepatoma HCC827 cell line, which has relatively high c-Src activity. 24 PNA-peptide 1, which has substrate sequence for c-Src, was phosphorylated by the lysate of HCC827 (the phosphorylation ratio of PNA-peptide 1 was 80%, which was confirmed by MALDI-TOF-MS analysis). The resulting phosphorylated 
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PNA-peptide 1 was enriched by the Fe-NTA column, and then hybridized with the DNA microarray. As a negative control, the phosphorylation solution without enrichment was also placed on to the DNA microarray for the hybridization. As shown in Fig. 4B , the fluorescence signal resulting from PNA-peptide 1 was observed not only from the complementary DNA 2 but also from the non-complementary DNA 3 and 6. Meanwhile, after the enrichment by the Fe-NTA column (Fig. 4A) , a strong fluorescence signal was exclusively observed from the complementary DNA 2, showing that signal-to-noise ratio was much improved after the enrichment. Finally, we demonstrated the ratiometric detection of the inhibitory activity of a PKCα inhibitor by using the PNA-tagged microarray following the scheme shown in Fig. 1 . We used PNA-peptide 3 and 4, which have the same substrate peptide (PKCα) and PNA sequence but have different fluorescence groups. A PKCα selective inhibitor (Gö6983, IC50 = 7 nM) was added to the lysate of mouse colon carcinoma cell CT-26, then PNA-peptide 3 was phosphorylated in this inhibitor-containing lysate (inhibitor conc. = 50 nM). Meanwhile, PNA-peptide 4 was phosphorylated in the inhibitor-free lysate. After the phosphorylation reaction, two kinds of lysates containing PNA-peptide 3 or 4 were mixed together to apply to the Fe-NTA column for enriching the phosphorylated PNA-peptides. The resulting solution which includes enriched phosphorylated peptides was applied to the DNA microarray for the hybridization. Figure 5A shows fluorescence scanning images by Cy3 and Cy5 of the DNA microarray. Both fluorescences were detected exclusively from the complementary DNA 3. Figure 5B shows the fluorescence ratio of Cy3/Cy5 from DNA 3. As a control, both PNA-peptide 3 and 4 were phosphorylated in the inhibitor-free lysate and the Cy3/Cy5 ratio was defined as unity. In the presence of an inhibitor, a slight decrease of the Cy3/Cy5 ratio was successfully detected. The phosphorylation ratios of PNA-peptide 3 in the inhibitor-containing and inhibitor-free lysates were determined by the MALDI-TOF-MS analysis to be 10 and 3%, respectively.
Thus, the ratiometric-based detection system allows for the detection of a Fig. 3 Optimization of hybridization and washing buffers for the selective hybridization of PNA-peptide 3 toward immobilized DNA 3. The buffers used in conditions A -C were as follows. Condition A: hybridization buffer; TBS-T containing 0.05% Blocking One P, washing buffer; TBS-T. Condition B: hybridization buffer; TBS-T containing 0.05% Blocking One P, washing buffer; TBS-T containing 100 mM MgCl2. Condition C: hybridization buffer; TBS-T containing 0.05% Blocking One P and 100 mM MgCl2, washing buffer; TBS-T containing 100 mM MgCl2. decrease in phosphorylation in such a low phosphorylation range.
In conclusion, we applied ratiometric detection for the first time to the protein kinase activities measurement in which the PNA-tagged substrate peptide and the DNA microarray were used. After optimizing each process (enrichment by using a Fe-NTA column, and hybridization), we succeeded in evaluating the effect of the PKCα inhibitor on the cellular PKCα activity. Since our strategy based on ratiometric detection is principally robust and has high fidelity, it will be applicable to parallel analysis of multiple protein kinases. 
